Introduction
Krishnananth and Murugavel [1] investigated experimentally the performance of double pass solar air heater (SAH). They used paraffin wax encapsulated in six aluminum pipes and studied the behavior of solar heater for four different configurations. In configuration 1, no thermal storage medium (TSM) was used. In configuration 2 and 3, the Al pipes filled with TSM were placed above and below the absorber plate, respectively. In configuration 4, those pipes were placed above the back plate. The maximum efficiency was observed for configuration 2 during night hours in the absence of sunlight due to the addition of TSM. Fath [2] analyzed the SAH with TSM and inferred that the outlet air temperature remained above the ambient temperature (about 5 °C) extended for 16 hours and the system showed 63.3% daily average efficiency compared to 9 hours and 38.7%, respectively, for conventional flat plate SAH.
Velmuruganl and Kalaivanan [3] investigated a double pass SAH and observed that the temperature of air at collector exit decreased at higher mass flow rate. Similar results were obtained for single pass experimental conditions. Further the glass plate temperature and absorber plate temperature was found to be lower at higher mass flow rate employing double pass. Yeh and Ting [4] investigated experimentally the effect of free convection on efficien--------------- cies of SAH and concluded that considerable improvement in the efficiency was achieved by passing the air flow over the upper surface instead of lower surface of absorber plate. Prasad et al. [5] investigated the heat transfer and friction characteristics of SAH with packed bed using wire mesh and found that the efficiency increased as a function of mass flow rate and porosity of bed. Akpinar and Kocyigit [6] investigated experimentally the performance of SAH having different obstacles on the absorber plate and concluded that the heater showed comparatively higher efficiency. Hernandez and Quinonez [7] investigated analytically the behavior of SAH of double parallel flow and double pass counter flow configurations and concluded that for higher mass flow rates the double parallel flow configuration showed higher efficiency than the double counter flow configuration.
Sharma et al. [8] conducted an experimental investigation and concluded that the efficiency of plane collector was improved appreciably by packing its duct with black wire screen matrices. El-Sebaii and Al-Snani [9] studied the use of selective coating on the thermal behavior of flat plate single pass SAH and concluded that the best performance was achieved with Ni-Sn as the selective coated absorber. Naphon [10] investigated mathematically the effect of porous medium on the performance of double pass flat plate SAH and concluded that with porous medium about 26% higher thermal efficiency could be achieved.
Demireli and Kun [11] reported the performance of the air heater with flow channel below the absorber plate and found that the efficiency was considerably increased by the addition of ring type packing. Bhargava and Rizzi [12] investigated the SAH with variable width passage flow and concluded that the efficiency increased with decreasing width of passage. Garg et al. [13] investigated a simple analytical model to study the effect of heat transfer area on a conventional type air heater and found that the efficiency increased considerably due to addition of fins. Indrajit et al. [14] studied performance of two SAH with and without fins under laboratory conditions and concluded that the addition of fins was useful only at lower flow rates. El-khawajah et al. [15] investigated experimentally the effect of transverse fins on double pass SAH with wire mesh as absorber. Three different models of the SAH were studied with number of fins. They concluded that thermal efficiency increased with increasing mass flow rate of air between 0.012-0.042 kg/s. An increase in the number of fins also contributed to increase of efficiency for same mass flow rate. Omojaro and Aldabbagh [16] investigated experimentally the performance of single and double pass SAH with fins and steel wire mesh as absorber and concluded that the air heater with steel wire mesh as an absorber plate showed considerable improvement in efficiency in comparison to conventional one. Mohammadi and Sabzpooshani [17] studied the effect of fins and baffles attached to absorber plate on the performance of single pass configuration and concluded that the efficiency and outlet air temperature considerably increased with the addition of fins and baffles over the absorber plate.
Wijeysundera et al. [18] investigated the single and double pass systems and concluded that the solar heater having double pass configuration performed better than the single pass. Badescu [19] studied the SAH for tilt and orientation effects and showed that better performances were achieved for S, SE and SW orientations. Ho et al. [20] investigated experimentally and theoretically the performance of wire mesh packed double pass SAH with external recycle. They obtained considerable heat transfer improvement by employing such SAH with recycling operation as compared to conventional ones. El-Sebaii et al. [21] investigated experimentally the performance of double pass SAH with packed bed and concluded that the heater performance increased significantly by placing the packed bed above the absorber plate. Al-Kamil and Al-Ghabeeb [22] studied the effect of thermal radiation on the perfor-mance of SAH and inferred that the efficiency increased about 10% due to the effect of thermal radiation. Aldabbagh et al. [23] investigated experimentally single and double pass SAH with wire mesh as packing bed. They showed that the efficiency of double pass was about 34%-45% greater than the single pass. There was a considerable improvement in thermal efficiency of the packed bed as compared to the conventional one. Ozgen et al. [24] investigated experimentally the performance of double pass SAH with aluminum cans on absorber plate in three different configurations and results showed that the best heater performance was achieved when the cans were arranged in a zig-zag manner over the absorber plate.
According literature review, it is clear that solar air heaters behave different operating conditions and parameters. The performance of SAH depends largely on the way the heat transfer takes place within the heater. The effects of fins and baffles greatly increase the thermal efficiency of the SAH. For higher flow rates the parallel flow configuration gives better result than the cross flow configuration. Also, the effect of artificial roughness placed over the absorber plate increases the heat transfer within the heater and thus the thermal efficiency.
This paper presents the experimental results obtained by outdoor testing of double pass SAH with TSM in the month of April. The aim of this study is to use the latent heat of TSM to provide the required heat during the absence of sunlight. The present investigation was conducted at the site of Renewable Energy Research and Development Center (RERDC), UET Taxila (Latitude 33.74 °N, longitude 72.83 °E) situated near Islamabad, in north Pakistan.
Experimental set-up
For this experimental study, a double pass SAH was fabricated using mild steel ( fig. 1 ). Table 1 shows the general specifications of SAH. The bottom and side walls of heater were provided with 25 mm thick glass wool insulation. The top surface of heater was covered with a 5 mm window glass to receive the required solar radiation and to reduce the convection losses. Aluminum absorber plate was used. For the integration of phase change TSM, five copper tubes were used and filled with paraffin wax (PW). The PW was first melted and then poured into the copper tubes. The absorber plate and copper tubes were painted black to absorb maximum solar radiation. Aluminum and stainless steel (SS) rods were also used and placed at the centre of the copper tubes in addition to PW to check the heater's performance for two other configurations. The heater was provided with conical inlet and outlet connections and an exhaust fan was connected at the outlet to withdraw the heated air. The TBQtype pyranometer having sensitivity of 11.36 µV/Wm 2 and spectral range 280-3000 nm was used. The pyranometer was connected with the solar radiation monitoring system having a range of 0-2000 W/m 2 and resolution of 1 W/m 2 through a cable. The global solar irradiance is displayed on the LCD of data monitoring system. Calibration of pyranometer and solar monitoring system was done by Pakistan Meteorological Department to within ±2%. For the measurement of temperatures at different locations of SAH, K-type thermocouples were used. These thermocouples were connected to digital multimeter to read the temperature measurement. The temperatures were taken at five different positions on the absorber plate, one thermocouple was used for inlet air temperature and one for outlet air temperature and another one used to measure the temperature of lower glass surface. The thermocouples used had an accuracy of ±0.1 °C (manufactured and calibrated by Omega). In order to calculate the energy stored in wax, Al and SS rods, one thermocouple was placed in wax and one thermocouple was placed at the center of Al or SS rod by drilling a 1 mm hole in the rod.
Experiments were conducted on double pass SAH for four different configurations. For each of the configuration, two consecutive days readings were taken. The data was taken from 9 a. m. till 8 p. m. The heater was tilted at 34° (local latitude of Taxila, Pakistan) facing south to receive the solar radiation at its maximum. Figures 2(a) and (b) shows the schematic of the air heater and position of thermocouples, respectively. In the first configuration, fig. 3(a) , no TSM was used. In the second configuration, fig. 3(b) , copper tubes filled with PW were used. In the third configuration, fig. 3(c) , aluminum rods were placed at the center of the copper tubes and PW was filled at the outer periphery of the Al rods. In the fourth configuration, fig. 3(d) , SS rods were placed at the center of the copper tubes with PW at the outer periphery of the SS rods.
The copper tubes were made to close at both of their ends by mean of threaded end caps, so that the possibility of leakage of PW is avoided. The flow rate of air as induced by the exhaust fan was calculated by first measuring the velocity of air by anemometer (resolution 0.1 m/s, accuracy ±1%) and then from this velocity the flow rate was calculated: where a is the area of pipe, and r -the radius of pipe, and m = ρaV (2) where m is the air mass flow rate, ρ -the air density calculated at inlet temperature, and c -the air velocity. The thermal efficiency of SAH is calculated using the following relations. For configuration 1, with no thermal energy storage medium:
where Q in is the input energy rate which is equal to solar energy rate i. e. Q solar for configuration 1.
where Q out is the output energy rate, C p -the air specific heat capacity, calculated at average of inlet and outlet temperature.
where η 1 is the thermal efficiency of configuration 1. For configuration 2, with PW as phase change thermal energy storage medium:
where Q stored is the energy rate stored by wax i. e. Q wax for configuration 2 is:
where M is the mass of PW, C -the wax specific heat capacity calculated at measured wax temperature, and ∆T w -the change in PW temperature in time t. Finally, thermal efficiency of configuration 2 is calculated:
For configuration 3, with PW and Al rods as thermal energy storage medium:
where Q Al is the rate energy stored by Al rods and is calculated: 
where M a is the mass of Al rods, C a -the Al specific heat capacity calculated at measured Al rod temperature, and ∆T a -the change in Al rod temperature in time t. Finally, thermal efficiency of configuration 3 is calculated:
For configuration 4, with PW and SS rods as thermal energy storage medium:
where Q ss is the rate energy stored by SS rods and is calculated:
where M s is the mass of SS rods, C s -the SS specific heat capacity calculated at measured SS rod temperature, and ∆T s -the change in SS rod temperature in time t. Finally, thermal efficiency of configuration 4 is calculated:
Uncertainty analysis
The final parameters of interest (e. g. Q out , Q in , Q stored , etc.) were calculated using measured experimental parameters i. e. air mass flow rate, inlet and outlet temperatures, solar irradiance, etc. Error caused by the uncertainties in the measured parameters into the final calculated parameters is estimated using Kline and McClintock [25] method. The maximum error raised in Q out was just under 5%; air mass flow rate, and inlet and outlet temperatures found to be equally important for the propagation of this error.
Results and discussion
For each of the configuration, two consecutive days readings were taken and are presented here for analysis. The data were taken from 9 a. m. till 8 p. m. The heater was tilted at 34 o (local latitude of Taxila, Pakistan) facing south to receive the solar radiation. The graphs for inlet air temperature, outlet air temperature, absorber plate temperatures, heat input, heat output, and thermal efficiency are considered for analysis. Figure 4 shows the temperature variation as a function of time at five different positions on the absorber plate. For almost all cases, absorber plate was found at a higher temperature at the end position. For configuration 1, the maximum temperature is found around noon when the solar radiations are maximum, however, for all other configurations, the maximum temperatures are found around 2 p. m. This is due to the fact that configuration 1 has no thermal energy storage medium whereas all other configurations contain thermal energy storage medium. Due to the stored energy as a consequence absorber plate temperatures become maximum around 2 p. m. for configurations with thermal energy storage medium. Figure 5 shows the intensity variation of solar flux as a function of time for all four configurations. It can be seen that the variation in solar flux and trend is almost the same for all configurations. Solar energy becomes almost zero after 6 p. m. Figure 6 shows the comparison of the temperature differences (outlet minus inlet) as a function of time for all four configurations. It can be seen that for configuration 1, with no thermal energy storage medium, temperature difference is greater at the start of the day as compared to other configurations, it is due to the fact that almost all of the energy absorbed by the absorber plate (excluding the losses through apparatus) is available for heating the incoming air by convection since no thermal energy storage medium is used. Also for this configuration, the highest temperature difference was observed around noon when the solar flux was maximum, after that temperature difference started decreasing and became zero at about 6 p. m. For other configurations with TSM, in contrast with configuration 1, temperature differences (outlet minus input) were lower than configuration 1 till about 2 p. m. (fig. 6 ). This is due to the fact that in the earlier part of the day, a part of the solar energy received, was kept storing by the TSM, as a consequence less energy was available to heat the air by convection. However, after 2 p. m., when solar flux started decreasing, the stored energy released and participated to heat the air by convection. As a result higher temperature differences were achieved after 2 p. m. compared to configuration 1. Also, as can be seen from the figure, for these configurations temperature difference was available even after 6 p. m. that was used to heat air after sunset up to few more hours.
Configurations 2, 3, and 4 contain TSM i. e., PW, PW plus Al rod in the center, and PW plus SS rod in the center. As explained in fig. 6 , temperature difference was available for configuration 2 up to 7 p. m. and for configurations 3 and 4 up to 7:30 p. m. In order to understand the superiority of configurations 3 and 4 (i. e. with Al and SS rods in the center of tubes) over configuration 2 (only filled with PW), fig. 7 is presented. As can be seen from fig. 7 , till 2 p. m. configurations 3 and 4 store energy at a higher rate compared to configuration 2. Also, after 2 p. m. the rate of release of energy for configurations 3 and 4 is generally more consistent and prolonged as compared to configuration 2. This is due to the fact that for configuration 2 (only with PW) when initially receives energy, this energy melts the PW as latent energy. Once on the upper part of tube, PW is melted then its temperature starts increasing creating a temperature gradient which leads to a sensible heat transfer. So for configuration 2, PW present at the lower part of tube takes long time to melt. On the other hand, for configurations 3 and 4, rods inserted at the middle of the tubes surrounded by PW act as a thermal enhancer due to their higher value of thermal conductivity. This helps more effectively for the transfer of energy to the PW in the lower part of tube, so energy received by the tube absorbs as latent energy. It should be noted that configuration 3 stores energy at marginally higher rates compared to configuration 4, because Al has higher value of thermal conductivity compared to SS. Figure 8 compares the efficiency variation as a function of time for four configurations of double pass SAH. It can be seen that for configuration 1, at the start of the day efficiency was higher than other configurations which was due to the well explained fact that a part of energy was stored in the configurations with TSM. However, in the later part of day (onward 12 p. m. to 5:30 p. m.), this difference in efficiency variation decreased. For configuration 1, maximum efficiency achieved was 88% at 5:30 p. m. Configuration 2, provided useful heat till 7 p. m. (i. e. 1:30 hours more than the configuration 1 after sunset), with a maximum efficiency value of 91% at 7 p. m. Configurations 3 and 4, gave the prolonged perfor- 
Conclusions
A double pass SAH was investigated experimentally for four different configurations. Following important results were found.
• By using TSM in a double pass SAH, energy can be used effectively to operate heater after the sunset.
• A simple TSM i. e. PW can only be used to store energy to use it after sunset; however, it has its limitations. In present investigation, configuration 2 (with PW only) provided useful heat for about 1.5 hours more than the configuration 1 (without any TSM).
• By using a thermal enhancer in a TSM, as used in configurations 3 and 4 (Al and SS rods) more energy can be stored (compared to simple thermal energy storage medium i. e. PW) during the earlier hours of the day. Configurations 3 and 4 provided useful heat for about 2 hours more than configuration 1.
• The maximum efficiency of about 96% was achieved using configuration 3 (i. e. using Al rods with PW).
• More effective arrangements of thermal enhancer materials in a TSM can be employed and analyzed for a double pass SAH to store energy more effectively in future. 
